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1. INTRODUCTION
1.1 Background and Need for Investigation
Design and spacing of drainage inlets have been governed by
several factors, such as (1) the assumed capacity of an inlet based on
past experience, (2) the structural strength of the inlet gratings,
(3) the effect of the inlet on traffic, (4) the effect of the inlet on
pedestrians, and (5) the costs of installation and maintenance. De-
signers commonly assume that an inlet has a certain capacity regardless
of the channel configuration of the drainage channel, and little at-
tention is paid to the carryover ,at an inlet; (carryover is the water
that bypasses the drainage inlet). Obviously, the capacity of any
drainage inlet must be thoroughly understood if the spacing of inlets
is to be set forth on a sound basis.
An analytical approach to finding the capacities of a~ inlet
is almost impossible if one considers the numerous variables that are
involved, such as the grade of the channel, the swale slope, the back
slope, and the roughness of the channel, as well as the sizes of the
inlets and their different patterns of openings. An alternative solu-
tion to the problem is actually testing a drainage inlet, either at full
scale or at a reduced size.
Investigations of the performances of drainage inlets have
been conducted amongst others by LARSON et al. (1949), GUILLOU (1959),
research at JOHN HOPKINS UNIVERSITY (1956), and the U. S. ARMY CORPS
OF ENGINEERS (1964); an extensive literature survey was made applicable
to other inlets owing to'the differences present between many inlets.
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1.2 Scope of Study
This study deals primarily with determining the capacity and
efficiency of inlets by testing models of inlets. Six standard drainage
inlets used by the Pennsylvania Department of Transportation (see Sec-
tion 3.1) are in the process of being tested in the laboratory under a
variety of conditions. Inlets customarily, installed in paved channels
are Type 4-F Special, Type 6-Ft Special, and Type J. (See Figure 3.1.)
The Type H, Type 4-Ft, and Type 6-Ft Inlets are installed on grassed
channels. This study deals exclusively with the three inlets that are
installed in paved channels.
No attempt was made to alter the geometry or the installation
of any inlet tested in order to produce an increase in capacity of the
inlet. All inlets were modeled according to specifications, and they
were tested under channel conditions and channel flow rates described
later.
,
All inlet models were built with a prototype:model length
ratio of 2:1. Model laws were used to correlate model parameters to
prototype parameters; efficiency curves were established.
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2. MODEL lAWS
2 . 1 Genera 1 Remarks
The main purpose in modeling is to correlate model behavior.
to prototype behavior by means of basic principles of similitude. Know-
ing the prototype:model scale ratio, model measurements can be translated
into different physical quantities in the prototype, such as velocity or
discharge.
Factors considered in establishing the length ratio of 2:1 were
the space available for testing a model, the maximal discharge available
in the laboratory, the cost of fabricating the model, and operating the
model.
2.2 Hydraulic Similitude and Dimensionless Numbers
In order to correlate flow phenomena between model and pro-
totype, three types of similitudes are involved; they are geometric,
kinematic, and dynami~ similitude. If complete similarity is desired
between mode land pr'ototype, all three must be satisfied.
Dynamic similarity - which requires geometric and kinematic
similarity - between prototype and model exists provided identical types
of forces are parallel, and have the same prototype:model ratio at all
points in the corresponding flow fields.
The forces which affect a flow field are those due to pressure,
inertia, gravity, viscosity, elasticity, and surface tension. The effects
of the latter two forces can safely be neglected. The other forces are
arranged to force ratios and are customarily given as:
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Euler number: Eu [;fp'v 26p
Reynolds number: Re = vtp
J.L
Froude number: Fr v
-, ~1
)tg
(1)
(2)
(3)
where ~p is a pressure difference; t is a characteristic length; p is
the density; g is the gravitational acceleration; ~ is the dynamic
viscosity; and v is a flow velocity. The force ratios in the foregoing
equations are known also as dimensionless numbers. The equation of the
Euler number was of minor importance in this study; therefore, dynamic
similarity can be attained by satisfying the other two equations simul-
taneously.
2.3 Froude Similitude
If one considers that flow at drainage inlets is primarily
caused by gravitational forces, then the only criterion that needs to
be satisfied is the Froude criterion, which can ,be stated as:
(jg)
p
(4)*
)
Considering.that gravity is the same in both prototype and
model and that the length ratio is 2.0, the velocity ratio derived from
the Froude criterion is:
.,'(
Subscripts p and m ar~ for prototype and model, respectively.
v
~ = 1.41
v
m
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(5 )
Furthermore, the flow rate in the prototype is obtainable by means of the
flow rate in the model and the prototype:model scale ratio. The dis-
charge, Q, is given by the continuity equation, and the discharge ratio,
.using the length and velocity ratios, becomes:
5.66 (6 )
Other characteristics of flow, such as area etc" can be obtained in a
similar way. All of these ratios are summarized in Table 2.1.
2.4 Manning Similitude
The roughness of the channel affects not only the type of chan-
nel flow, but the efficiency of the drainage inlet as well. Hence, it is
desirable to consider the forces of gravity and of friction or channel
roughness. In order to do so, both the Froude and the Reynolds model
laws must be considered simultaneously; but it is impossible to satisfy
both laws if the same fluid is to be used in both model and prototype.
Other means of correlating prototype and model must be adopted. An
empirical relationship, such as the (uniform flow) Manning formula, is
used as a friction criterion or:
2/3 1/2 2/3 l/a
( R
h S ) = (~ S
vn vn
p
(7)
LehighUniv.
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Froude
Similitude
, == 1 ---'-Manning +ehigh univJ
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Table 2.1: Model Scale for Froude Similitude and Manning Similitude
I
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where v is the mean velocity in fps, ~ is the hydraulic radius in ft,
n is the coefficient of roughness, and S is the slope of energy grade
line_ Because the discharge relationship is of importance, Eq_ (7) can
be arranged to:
~3
L
= (~) •
m
n
m
n p
(8)
The Manning coefficient for the prototype pavement was given
by the Pennsylvania Department of Transportation as n = 0.014, which is
in good agreement with the roughness cited in the literature; see CHOW
(1959) and GRAF (1971). Exterior-grade plywood 3/4-inch thick was used
in the model in order to simulate the paved surface of the prototype;
its Manning coefficient was determined from flume tests at Lehigh Uni-
versity as 0.012, which is similar to that given by CHOW (1959). Con-
sequently, Eq. (8) then is shown as:
(9)
The application of the Manning formula requires turbulent flow both in
the model and in the prototype. Almost all open-channel flow found in
nature is turbulent; a test of flow in this model indicated turbulent
conditions too.
2.5 Concluding Remarks
From observation of Table 2.1, the adoption of either the
Froude (gravity) similitude or Manning (roughness) similitude was a
matter of choice. Gravity forces are more important, and Froude
similitude was selected for evaluating the results of this model.
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3. EXPERIMENTAL INVESTIGATION
3.1 Inlets
The inlets tested, Type 4-Ft Special, Type 6-Ft Special, and
Type J, are three standards of the Pennsylvania Department of Trans-
portation; the geometry of each is illustrated in Fig. 3.1. The in-
stal1ation of each inlet is shown in either Fig. 3.2 or 3.3.
To make the model sufficiently rigid the wooden frames had a
vertical dimension of 2V2 inches rather than 1V2 inches as required.
This change in depth of frames was considered to have no effect on the
installation of any inlet owing to the fact that the surface of the
grating was flush' with the surface of the plywood which simulated the
pavement. Plywood, 8 inches high, represented a curb with a slope of
1/8:1. The hood which connected the curb opening to the vertical wall
was made of 20-gage galvanized steel.
The following table lists the slope relations that were used
in testing the inlets:
Table 3.1 Slope Relations for Testing Inlets
Longitudinal Slope
l Tryyppee J6-~~_S~_~_:~~_ ---:1-.~6:::11:'::1:2::·11i:- __ .._1/~_:_~ 0.5%,2%,4%,8%
I 3:1 0.5%,2%,4%,8%
L . .__. ~.__.__.____ _.. ~ __
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c ircu lar
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I
" I
1I .
"
.....e---- l' .. l07~ ------.-
7/"
..........---1' .. 11'8 ----.........
. (a) Type 4-Ft Special Inlet
11 1" ~\.114 X 1/4 diagonal strips,
\ - I" center to center .450
(b) Type 6-Ft Special Inlet
lf~'X llj~' diagonal strips, ./
'1" center to center / 4~0
M W~j!?/~~~I NOTE. All gratings areri~~~d~1 ~_~;i:~~.s&ne
I~ 1 t - 10;8::. · -II'..... 1 1 - llZ '- .', a
(c) Type J Inlet
\ Fig. 3.1 Model Inlet Grates
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• Direction of Flow
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F~g. 3.2 Installation for Type 4-Ft· Special Inlet
and Type 6-Ft Special Inlet
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Fig. 3.3 Installation for Ty~e J Inlet
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3.2 Apparatus and Model Construction
A schematic diagram of the testing arrangement is shown in
Fig. 3.4. The rate of inflow was measured by means of a 4-inch orifice
(H) placed in a l2-inch pipe, the rating equation thereof being:
Q = 0.42 Jf-6 (10)
where Q is the flow rate of water (cfs), H is the pressure-head difference
across the orifice (feet of water).
The testing tank, rectangular in shape (see Fig. 3.4), is
33 feet long overall, 16 feet wide, and 3 feet deep. The head tank con-
taining the manifold discharge pipe is 242 feet long, 16 feet wide, and
4 feet deep.
Figure 3.5 is a cutaway view of the testing tank. A conveyance
channel, I-foot deep with an average width of 2 feet, carries the water
intercepted by the drainage inlet to an opening (T) connected to a volu-
metric tank. Another opening (U) near the downstream end of the testing
tank is connected to the main sump. Gates were used to divert the water
as desired after it passes through or over an inlet.
Two steel frames were constructed to support the swale and back
slopes, which formed a triangular channel. Both frames were covered with
panels of plywood that were taped at the joints and painted. Hinges
welded to the invert of the channel permitted the slopes to rotate about
the invert.
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-15
The invert rests on a W8 x 40I-beam, which is 28 feet long,
also hinged at its downstream end. The outer edge of each frame is sup-
ported by two threaded rods to permit adjusting each side slope.
Guide vanes on 2-inch centers or baffles were installed at the
upstream end of the channel so as to aid in developing uniform flow as
the water approached the inlet.
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4. RESULTS AND DISCUSSION
4.1 Experimental Results
All measurements made in this study are presented in YEE et al.
(1972). Typical examples are displayed in Figs. 4.1 and 4.2 and sum-
marized in Table 4.1.
Table 4.1 Capacity of Inlets--Type J, Type 4-Ft
Special, and Type 6-Ft Special
...------....---~~..... ·......... ---.--.......,......·l..-------·>··~ ...--···---·~·-,·· .........,----------..-----;------
Slope Capacity (cfs)
.}~~~~~1 (~i. .sw:_~~__l Type J . ~~:~1:~t __ _T~~:c~:I~
1/2 12:1 0.68 1.47 2.66
fI 16: 1 0.57 1.47 1.47
II 24:1 0.48 0.30 0.94
II 48:1 0.22 0.17 0.22
0.57 2.77 4.02
0.42 2.07 3.68
0.30 1.78 2.35
0.30 0.60 0.68
0.48 3.40 4.08
0.37 2.55 2.89
0.37 1.19 1.55
0.30 0.42 0.66
1.34 2.41 2.74
1.08 1.95 1.75
0.57 1.22 1.19
0.22 0.45 0.74
• • .~"- ......~ t ~..... • ..... ~ ........- ~. ~~"
' .......... I__......__~._ ............-..r_______
3:1 1/8:1 1/8:1
I
.....
!
f
-,' .1.. '.. '. ..... ., '.. ~"~. __...._.L_.._ ...._.',_._ .. _ ~._... _~~.r·",~__Lc.~ -- -_.. ---"-'-_._~-'-- ..-,.,
12: 1
16: 1
24:1
48: 1
12: 1
16: 1
24:1
48:1
12: 1
16: 1
24:1
48:1
2
"
II
II
4
fI
"
It
8
II
11
"
Back Slope
*Efficiency, ~, is 100% for each condition, that is, no water
overflows the inlet.
The efficiency of an inlet, indicated as ~, is defined as
(~ /~) x 100%, where ~. is the channe 1 flow rate (discharge) in cfs,
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Fig. 4.1 Efficiency Curves; Type J Inlet (Long. Slope = ~%)
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Fig. L~.2 Efficiency Curves; 6-Ft Special (Long. Slope ::::; ]2/~)
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and ~ is the intercepted flow rate in cfs. Typical efficiency curves
are presented in Figs. 4.1 and 4.2. Efficiency is plotted on the vertical
axis against the flow rate, Q , in the model channel on the lower hori-
1
zontal axis. The upper horizontal axis represents the prototype channel
flow rate, ~; this quantity is obtained by using Eq. (6).
Each figure shows the efficiencies of an inlet for one partic-
ular channel longitudinal slope and one back slope, but with four dif-
ferent swale slopes, namely, 12:1, 16:1, 24:1, and 48:1. The three
dashes on a curve show that a water spread of 8 feet is reached on the
swale in the prototype channel, which is equivalent to a spread of 4 feet
on the swale in the model channel. The absence of the three dashes on a
curve indicates that the spread of 4 feet on the swale of the model chan-
nel was not obtainable.
4.2 Discussion of Measurements
The use of an orifice placed in a pipe to measure the channel
flow rate yielded accurate results. The range of channel flow rates was
from 0.038 cfs to 1.65 cfs. Equation (10) was used to calculate the
channel flow rate after obtaining the pressure drop across the orifice.
In order to obtain an efficiency of 100 percent for an inlet
placed under a certain condition, it was necessary to reduce the flow
so that no water would bypass the inlet. Such a condition was usually
obtained by actual observation at the downstream side of the channel.
Since one drainage inlet (Type J) has fairly low efficiencies, partic-
ularly if installed in a steep channel slope and a flat awale slope, it
-20
was at times difficult to adjust the flow so that 100 percent efficiency
was obtained.
The intercepted flow rate was obtained by means of a volumetric
measurement over a period of time, usually 60 seconds. It was found that
such a time interval was adequate.
All depth measurements were obtained by means of a point gage.
Depths were measured along the invert of the channel. Three depth read-
ings for each channel flow rate were taken at stations that were 1 foot,
2 feet, and 3 feet horizontally upstream from the upper end of the inlet
grating. Guide vanes or baffles were used at the upstream end of the
channel to aid in developing uniform flow.
4.3 Efficiencies of Inlets
The main purpose of this study is to determine experimentally
the efficiencies of the three inlets under various channel configurations
and ,over a range of channel flow rates. Inasmuch as most standard inlets
are constructed and installed differently, they will have different ef-
ficiencies when tested under the same condition. Obviously, an inlet
having a larger opening will intercept more water than one having a
smaller opening. Hence, it is only reasonable to compare the performances
of any particular inlet under certain different channel configurations.
By observation of the efficiency curves given by YEE et al. (1972), a
general conclusion can be made: For an inlet placed in a channel with
fixed longitudinal and back slopes, its efficiency decreases as the
steepness of the swale slope decreases for the same channel flow rate.
-21
The reason is that the spread of water on the swale slope is much less
for a steep swale slope than for a flat swale slope.
4.3.1 Efficiencies of Type J Inlet
Figure 4.1 shows the efficiency curves of Type J Inlet for one
set of slopes.' Curves for that inlet installed on steeper slopes are
similar except that they are crowded toward the vertical axis. For con-
stant channel configuration the efficiency of an inlet decreases with an
increase in the channel flow rate. The high efficiencies that are present
at low channel flow rates decrease almost precipitously as the flow rate
increases. The efficiency curves flatten somewhat with a further in-
crease in water flow.
A flat longitudinal slope of the channel leads to a higher
efficiency of an inlet in comparison to the results from a steep slope
because for the latter situation more water bypasses the inlet. In
general, channels with a 1/2% longitudinal slope yield the highest ef-
ficiency for Type J Inlet.
The flow rate is another factor affecting the efficiency of the
inlet, the efficiency decreasing with both an increase in flow rate and
an increase in longitudinal slope.,
4.3.2 Efficiencies of 4-Ft Special Inlet and 6-Ft Special Inlet
Figure 4.2 shows the efficiency curves of the 6-Ft Special Inlet
on a grade of 1/2%. The curves for the other grades are raised upward
from their positions shown in Fig. 4.2. A plot of the Type 4-Ft Special
Inlet is not shown because the curves are very similar to those of the
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6-Ft Inlet. The Type 6-Ft Special Inlet usually has a higher efficiency
than the Type 4-Ft Special Inlet for the same operating condition and
flow rate, although the difference is small.
Steep curves are uncommon for these two inlets in contrast to
the Type J Inlet, and the efficiency curves tend toward a parallelism.
The plots indicate that the channels with steep slopes are more efficient
than those with flat slopes, with the steep slopes having a marked de-
crease of efficiency with an increase in flow rate in comparison to the
more gentle decrease in efficiency for the flatter swales.
The efficiency of either inlet was greater, if placed on either
a 2% or 4% grade, than if placed on a 1/2% or 8% grade. On a swale slope
of 48:1 the efficiency of both Special Inlets was almost the same on all
longitudinal slopes, regardless of whether the inlet was 4 feet long or
6 feet long. Considering all the results obtained, the Type 6-Ft Special
Inlet has a slightly higher efficiency than the Type 4-Ft Special, although
the difference is not that marked as to be significant.
4.4 Closing Remarks
For a detailed discussion of the data, the reader is referred
to the report by YEE et al. (1972); there all data, tables, and figures
are to be found. It may be of interest, however, to reproduce the
capacities of the three inlets at an efficiency of ~ = 100% (i.e., no
water overflows the inlet). Such a table might well be selected as a
design criterion. These data are shown in Table 4.1, Capacity of Inlets,
in Section 4.1.
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